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Abstract
We perform first-principles band calculations and derive an effective tight-binding model for a quasi-one-dimensional organic 
conductor (TMTSF)2ClO4. The first-principles band structures show four bands near the Fermi level. Since four TMTSF 
molecules are present in the unit cell, we regard a TMTSF molecule as a site and derive an effective tight-binding model
exploiting the maximally localized Wannier orbitals. The outer Fermi surface almost contacts the inner one as in the previous 
studies. We introduce the on-site repulsive interaction and deal with the electron correlation applying the two-particle self-
consistent (TPSC) method. The diagonalized spin susceptibility takes large values at the nesting vector between the outer and 
inner Fermi surfaces. Assuming a pairing mechanism mediated by the spin fluctuations, it is found that the sign of the 
superconducting gap in the spin-singlet channel changes between the outer and inner Fermi surfaces. 
© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the ISS 2015 Program Committee.
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1. Introduction
A group of quasi-one-dimensional organic conductors (TMTSF)2X (X=ClO4, PF6) exhibits superconductivity in 
the vicinity of the spin-density-wave (SDW) phase, which suggests a possibility of an unconventional 
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superconductivity in these materials[1-4]. A recent measurement of the angle-resolved calorimetry for
(TMTSF)2ClO4 shows nodal points of the superconducting gap on the Fermi surface [5] although a nodeless gap is 
suggested by the muon-spin rotation measurement [6]. A quasi-classical analysis also shows the superconducting 
gap having the nodes on the Fermi surface [7]. The results of the first-principles calculation suggest that the outer 
and inner Fermi surfaces contact (or approach) at a point of the wavenumber due to an anion-ordering potential [7,
8] smaller than those assumed in a previous study [9]. Several theoretical studies suggest a possibility of a nodeless 
“d”-wave pairing in a model for (TMTSF)2ClO4 [10, 11].
We study the superconducting state in a model for (TMTSF)2ClO4 applying a microscopic theory. We perform 
first-principles band calculations employing WIEN2k [12] and PWscf [13] packages and derive an effective tight-
binding model exploiting wannier90 [14], which calculate the maximally localized Wannier orbitals (MLWO). Then, 
we introduce the on-site repulsive interaction to the tight-binding model and apply the two-particle self-consistent 
(TPSC) method [15] to deal with the electron correlation. Assuming a pairing mechanism mediated by the spin 
fluctuations, we obtain the superconducting gap function in the spin-singlet pairing. 
2. Method
We perform a first-principles band calculation using all-electron full potential linearized augmented plane-wave 
(LAPW) + local orbitals (lo) method within the framework of WIEN2k [12]. This implements the density functional 
theory (DFT) with different possible approximation for the exchange-correlation potentials. The exchange-
correlation potential is calculated using the generalized gradient approximation (GGA). The calculation are 
performed using 10u4u5 k-points and the plane-wave cut-off energy is 272.8 eV. For comparison, the band 
calculation has been carried out applying Quantum-ESPRESSO [13], which is based on the DFT using a plane-wave
basis set and pseudopotentials. The calculation is performed using 10u10u10 k-points and the cut-off energy is 60
Ry. Then, we derived the tight-binding model with four sites per unit cell by applying the MLWO on the TMTSF 
molecules. We adopt the experimental crystal structure determined at 7 K, and we do not relax the atomic position 
in the calculation. 
We introduce a Hubbard model based on the multi-site tight-binding model as 
(1)
,
where i and j are unit-cell indices, D and E specify the sites in a unit cell, c†iDV (ciDV) is a creation (annihilation) 
operator with spin V at site D in the ith unit cell, tiD;jE is the electron transfer energy between the (i, D) site and (j, E)
site, and <iD ; jE> represents the summation over the bonds corresponding to the transfer, U is the on-site repulsive 
interaction, and niDV is the number operator of the electron with the spin V on the site D in the ith unit cell. Because 
of the anion ClO4
-1 in the (TMTSF)2ClO4, the band filling of the TMTSF molecule is 1/4-filled in the hole 
representation (3/4-filled in the electron representation).
To deal with the electron correlation effects arising from the on-site interaction, we apply the TPSC method to 
the multi-site Hubbard model [16]. Using the bare susceptibility matrix F0, the spin (charge) susceptibility matrix Fsp
(Fch) is obtained as 
(2)
,
where Usp (Uch) is the local spin (charge) vertex and I is the unit matrix. The local vertices are determined by 
satisfying two sum rules which follow from the fluctuation-dissipation theorem and the Pauli principle for the local 
moment. The local spin vertex Usp is related to the double occupancy <nDnnDp>=<DD> by the following ansatz:
(3)
,
where UDD is the (DD) element of the on-site interaction matrix U. The double occupancy is given by
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(4)
,
where T(x) is the step function. Equations (2)-(4) give a set of the self-consistent equations for the TPSC method. 
Then, calculating the self-energy matrix 6, the dressed Green’s function matrix G is given by 
(5)
.
The pairing interaction matrix for the spin-singlet channel mediated by the spin-fluctuations VSS is given by
(6)
.
The pairing gap function matrix M is obtained as an eigenfunction of the linearized Eliashberg equation given by
(7)
.
Because of the four-site model, the calculation results become 4u4 matrices. In the present calculation, we take the 
system size as 64u32 k-meshes and 16384 Matsubara frequencies. 
3. Results
The first-principles band structures are shown in Fig. 1 (a). The results of WIEN2k and PWscf give almost the 
same band structures. The band structure of the tight-binding model for the conductive layer derived from the 
MLWO is also represented in Fig. 1 (a). The tight-binding model nicely reproduces the first-principles band 
structure. Fig. 1 (b) shows the Fermi surface obtained by WIEN2k. The outer Fermi surface almost makes contact
with the inner Fermi surface as in the previous study [7]. 
Taking the on-site interaction U=1.3 eV to be almost the same as the bandwidth W~1.27 eV and the temperature 
T=0.002 eV, the absolute values of the dressed Green’s function are shown in Fig. 2 (a) and (b) corresponding to the 
outer and inner Fermi surfaces. The Green’s function takes large values near the Fermi surface as shown in Fig. 2 (c). 
In Fig. 2 (d), the diagonalized spin-susceptibility matrix takes its maximum at the nesting vector whose x component 
takes the 2kF wavenumber. The gap functions for the spin-singlet pairing are shown in Fig. 2(e) and (f) for the outer 
and inner Fermi surfaces. We find that the sign of the superconducting gap changes between the outer and inner 
Fermi surfaces since the spin-singlet pairing interaction mediated by the spin-fluctuations takes large value near the 
nesting vector of the Fermi surface. 
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Fig.  1. (a) the first-principles band structures near the Fermi level; (b) the Fermi surface.
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4. Conclusion
We have performed first-principles band calculations for the quasi-one-dimensional organic conductor 
(TMSF)2ClO4. The first-principles calculation shows that four bands are present near the Fermi level and the tight-
binding model derived from the MLWO nicely reproduces them. The outer Fermi surface almost touches the inner 
Fermi surface. Applying the TPSC method, the spin susceptibility takes its maximum at the nesting vector between 
the outer and inner Fermi surfaces. Assuming a pairing mechanism mediated by the spin-fluctuations, we find that 
the superconducting gap in the spin-singlet channel changes sign between the outer and inner Fermi surfaces. 
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Fig.  2. the dressed Green’s function for the (a) outer and (b) inner bands; (c) the Fermi surface, where the arrows represent the nesting 
vectors; (d) the diagonalized spin susceptibility; the gap function for the (e) outer and (f) inner Fermi surfaces.
